Fretting corrosion of medical devices is of growing concern, yet, the interactions between tribological and electrochemical parameters are not fully understood. Fretting corrosion of CoCr alloy was simulated, and the components of damage were monitored as a function of displacement and contact pressure. Free corrosion potential (E corr ), intermittent linear polarisation resistance and cathodic potentiostatic methods were used to characterise the system. Interferometry was used to estimate material loss post rubbing. The fretting regime influenced the total material lost and the dominant degradation mechanism. At high contact pressures and low displacements, pure corrosion was dominant with wear and its synergies becoming more important as the contact pressure and displacement decreased and increased, respectively. In some cases, an antagonistic effect from the corrosion-enhanced wear contributor was observed suggesting that film formation and removal may be present. The relationship between slip mechanism and the contributors to tribocorrosion degradation is presented.
Introduction
Biomedical alloys typically owe their corrosion resistance to the formation of an inert thin protective oxide film resulting in very low corrosion rates. 1 In order for a material to form a passive film, the substrate must rapidly react with oxidising agents in the environment. When a passive alloy is utilised in tribological applications, depending on the contact mechanics and lubrication regimes, mechanical removal of the passive film can occur leaving the reactive substrate exposed to the environment. Rapid oxidation of the substrate usually occurs resulting in metal ions being liberated from the metallic substrate. This process is known as tribocorrosion and is not exclusive to biomedical application of passive alloys. An important subset of tribocorrosion is fretting corrosion. This describes the degradation of a material subjected to both chemical dissolution and mechanical damage initiated by small amplitude motion, typically less than 150 mm. 2 While the tribological mechanisms of fretting have been documented, the links between mechanical and chemical factors are not fully understood.
Because tribocorrosion describes both the mechanical removal of material and chemical degradation, it is important to appreciate and to identify the contribution of corrosion and wear to material loss. Uhlig, as cited by Mischler, 3 was among the first to recognise the role wear and corrosion play on the degradation in fretting contacts. Uhlig demonstrated that material deterioration results from two distinct mechanisms; mechanical wear and wear-accelerated corrosion to produce a simple mechanistic model based on mass conservation, as shown in equation (1) , where M mech represents the volume of material removed by mechanical wear, and M chem is the material loss due to wear-accelerated corrosion.
Uhlig's expression suggests that the components of the total material damage M mech and M chem can be easily isolated. It proposes that M mech captures all damage that is related to the mechanical removal of material, and M chem represents the material loss due to intermittent depassivation -or wear-enhanced corrosion. In fact, it is more complicated than this, and tribocorrosion material damage consists of material degradation mechanisms that will only occur as a result of having both wear and corrosion occurring together. For example, if we remove corrosion, the mass loss will reduce more than M chem alone due to the influence of corrosion on wear.
Considering this, the model proposed by Uhlig can be broken down further to detail information regarding the synergistic reactions, 4 where M wear is a pure mechanical component (mechanical wear in the absence of corrosion), and M cw is the synergy between corrosion and wear (corrosion-enhanced wear). M corr is a pure chemical component, and M wc is the synergy between wear and corrosion (wear-enhanced corrosion), however, is only electrochemical in nature
Fretting corrosion of medical devices is common at load-bearing metallic interfaces; prevalent in orthopaedic, 5-7 cardiovascular [8] [9] [10] [11] and dental devices. [12] [13] [14] Such phenomena have been reported in both experimental and clinical literature. Instances of fretting corrosion have been reported clinically since the 1980s. 15 However, interest in the degradation at this interface has been renewed due to the high number of failures due to soft tissue reactions associated with fretting corrosion at this interface. 7, 16 Fretting corrosion of cardiovascular devices has recently been highlighted, occurring at overlapping interfaces (either braided or overlapped stents). [8] [9] [10] Considering the complications associated with stent material-related issues, the lack of literature in this area is surprising.
Fretting wear has received attention for a number of years, 2 with huge advances in the understanding been made through the work of Vingsbo and So¨derberg 17 and Fouvry et al. 18, 19 Renewed interest in the fundamentals of fretting corrosion of biomedical alloys has been seen. While the mechanisms of fretting corrosion are generally accepted, 2, 20, 21 the relationship and synergy between the tribological and electrochemical factors are still debated. Swaminathan and Gilbert 22, 23 demonstrated, for a simple point contact, that fretting corrosion is affected by material couples, normal load and the motion conditions at the interface providing correlations between electrochemical currents and the dissipated mechanical energy. A relationship between the 'inter-asperity distances', calculated using electrochemical and mechanical inputs, and load was developed. In addition to this, Baxmann et al. 16 demonstrated links between fretting parameters, as given by Fouvry et al., 19 and semi-quantitative electrochemical data showing that potential transients are related to the interfacial slip mechanisms.
Typical contact stresses and environments experienced in biomedical devices vary depending on their application. Contact conditions are seen to vary from 9 to 1000 MPa to 1 to 120 mm. 16, 22, 24, 25 It can also be appreciated that the contact pressures and displacements developed in the biomedical interfaces do not tend to be uniformly distributed. 26 This is typically the case for modular taper interfaces in which stress concentrations are typically seen at the proximal-medial and distal-lateral sections of the taper. 26 It can be expected that a complex distribution of different degradation mechanisms will be established about the interface as a function of contact pressure, displacement, and contact compliance further supporting the need for fundamental mechanistic investigations.
While progress is currently being made towards understanding the fretting corrosion degradation mechanisms of passive alloys, the links between tribological and corrosion processes, and the dominant degradation mechanisms, at the interfaces are not still understood. While many of the modern tribocorrosion theories [27] [28] [29] link tribological theory with electrochemical outputs, the assumptions used to fit such models and unique factors associated with fretting make such models difficult to apply especially for Hertzian contact configurations in which a combination of stick and slip is established across the interface. Taking this into consideration and also the fact limited studies have quantified both mechanical and electrochemical mass losses, gaining an understanding of these interactions over different loadings and slip regimes is of great importance. This study therefore takes a simplified point contact model, investigates and quantifies the interactions between wear and corrosion as a function of displacement and contact pressure through a systematic experimental approach. It will go further to identify the synergies present at the interface for CoCr alloys and develop relationships between established tribocorrosion and fretting parameters to demonstrate how the degradation mechanisms vary as a function of the interfacial mechanics. Considering that many biomedical systems will establish multiple contact conditions across their metal-metal interfaces, an understanding of the interactions between wear and corrosion is of great importance. CoCrMo-CoCrMo interfaces are found throughout orthopaedic, dental and vascular applications.
Materials and methods

Materials
Wrought low-carbon (LC) CoCrMo plates and wrought [28-mm LC CoCrMo femoral heads were utilised in this study to achieve a Hertzian point contact configuration. Nominal material properties and composition of alloys used in this study can be found in Table 1 . All surfaces were polished to a surface roughness (S a ) of 10 nm and cleaned and degreased using acetone and N 2 air dried.
In all cases, 50 mL of phosphate-buffered saline (PBS) solution (pH = 7.4) was utilised. This was prepared using deionised water and high-purity chemical reagents. All tests were maintained at 37°C 6 1°C for the duration of the test through the use of a closed looped hot water recirculation system.
Fretting tribometer
In order to investigate the interactions between wear and corrosion in CoCrMo-CoCrMo fretting contacts, a reciprocating electromechanical fretting tribometer was utilised (Figure 1 ). The lower CoCrmo disc specimen was placed into a Delrin holder and secured via a retaining ring equipped with O-rings to provide a water tight seal. The CoCrMo ball was fixed in holder parallel to the CoCrMo plate. Care was taken during preparation and during testing to ensure that there is no contact with the upper specimen holder to avoid contribution to the electrochemical signal from the sample holder. Electrical connection was taken from ball and plate ( Figure 1 ) resulting in the CoCrMo ball and CoCrMo plate becoming the net working electrode (WE).
Reciprocating motion was applied to the CoCrMo ball provided by the electromechanical actuator. The tangential force (F t ) was measured via cylindrical force transducer mounted axially to the actuator and CoCrMo ball. The magnitude of reciprocating motion (d d ) of the upper sample relative to the static plate was measured by means of a fibre optic sensor fixed in the holder mounted to the base of the fretting apparatus. Table 2 shows the contact parameters chosen in this study. These were purposely chosen to represent the spread of contact conditions typically observed in literature. 16, 22, 24, 25 In this study, the ratio of programmed displacement (d d ) to actual sliding at the interface (d s ) was used as an indication of slip mechanisms based on criteria given in Fouvry et al. 19 and Oladokun et al. 30 
Electrochemical measurements
In order to facilitate electrochemical measurements and quantify corrosion during fretting, an Ag/AgCl reference electrode (RE) and Pt counter electrode (CE) (Sure flow Redox; Thermo-Scientific, USA) were integrated into the fretting tribometer ( Figure 1 ). The WE, RE and CE were electrochemically connected via a potentiostat (PGSTAT101; Metrohm, Switzerland). Free corrosion potential (E corr ) measurements were made throughout the test in order to obtain a semiquantitative indication of the passivity of the CoCrMo couple. E corr represents the instantaneous potential difference established between the WE and RE due to a charge separation realised by the resistive nature of the metal and interfacial electrochemical double layer to electron transfer. For passive materials, such as CoCrMo alloys, upon the onset of rubbing a shift of E corr is typically seen in the cathodic direction associated. This is linked with increased corrosion rates.
In order to quantify the mass losses due to corrosion at equilibrium, intermittent linear resistance polarisation (LPR) measurements were taken every 300 s. An applied potential of 6 0.02 V versus E corr at a scan rate of 1 mV/s was applied to the sample to yield a linear relationship between applied potential and current. Due to the charge separation developed at an interface, a linear relationship between applied potential and current is typically seen within 20-50 mV of E corr . Wagner and Traud, as referenced by Frankel et al., 31 identified that the reactions occurring around E corr are mixed potential reactions owing from the anodic and cathodic half-cell reactions. It is widely accepted that by applying a potential within this region, no permanent changes to the electrode surface will be incurred. These were then converted to mass losses via application of the 21 and valence (z) of 2.5 for stoichiometric dissolution of the alloy). In order to separate the contributions of non-mechanically induced corrosion, R p measurements were taken prior to sliding to ascertain the passive corrosion rates and used as the baseline corrosion currents. The difference in R p during fretting was taken as the wear-induced corrosion, assumed to be emanating from the central contact area.
The SG coefficient (equation (4)) was estimated by conducting Tafel analysis during fretting tests for additional samples to avoid damaging the surfaces of interest. Potentiodynamic polarisation was conducted from 60.2 V versus E corr at 1 mV/s for each contact pressure at 50 mm of displacement amplitude. The SG coefficient was calculated as being 0.041, 0.051 and 0.047 for fretting tests conducted at P max = 0.4, 0.6 and 1 GPa, respectively. Due to the large number of samples required to obtain Tafel constants as a function of time, the SG coefficient was assumed to be constant throughout the test. The authors acknowledge that this assumption is a simplification to the system but thought to be the most accurate way to determine corrosion currents without extensive polarisation and damage to the surfaces. An example of the raw LPR and current versus time curves generated in each test is shown in Figure 2 . In order to isolate the corrosive aspects of the degradation (equation (3)), potentiostatic tests were conducted. Here, the potential of the WE was held at 20.8 V versus Ag/AgCl for the duration of the test to inhibit any dissolution. At this potential and experimental conditions, it is assumed that the sample is cathodically protected (CP), and the oxidation of Co and Cr and reduction in Cr 2 O 3 will not occur according to Pourbaix. 34 This approach has been presented in literature as a method to separate electrochemical contributions during tribocorrosion. 35 Figure 3 outlines the tribocorrosion protocol adopted in this study. Samples were initially immersed in PBS solution for 500 s with a measurement of polarisation resistance taken every 300 s. At 500 s, cyclic motion was initiated for 3000 cycles at 1 Hz. After this, cyclic motion was ceased, and the sample was able to recover for a further 500 s. b a and b c are the anodic and cathodic Tafel constants, respectively, obtained from potentiodynamic polarisation 
Surface analysis
To evaluate the volume of material loss due to wear and corrosion during fretting tests, vertical scanning interferometry (VSI) was conducted on both the CoCrMo balls and plates. Prior to VSI analysis, each plate and counterbody was cleaned using acetone. The volume loss due to wear and corrosion was computed and taken as the material loss across the mean zero plane of the surface. The total mass loss due to wear and corrosion was taken as the sum of the volume lost from the CoCrMo head and plate. Due to the duration of the test, and extremely passive nature of the alloys, general material loss was assumed to be negligible (i.e. from outside wear track). Any mass loss would not be detectable through gravimetric or VSI methods. Optical light microscopy (Leica, Milton Keynes, UK) was also conducted in order to observe surface changes and wear mechanisms attributed to the presence of fretting at CoCrMo contacts. 19 Baxmann et al. 16 and Mohrbacher et al. 36 Although these studies present the transition values for different alloy couples, there is good agreement between the d s /d d ratio and the mechanisms of slip with our results and those reported in literature. This is further supported by the images presented in Figure 4 . It can be seen that a mixed-slip condition only occurs at P max = 1 GPa when d d is greater than 10 mm but less than 30 mm for CoCrMo/CoCrMo contacts lubricated in PBS solution. No significant differences between mechanical fretting data were seen under assumed pure wear (cathodic protection) conditions. Figure 6 demonstrates the mass loss as a function of actual total sliding distance and contact pressure for CoCrMo contacts considering the d s /d d established at the interface. In each case, a linear increase in mass loss was seen with increasing sliding distance. It is interesting to note the increase in mass loss for the lower contact pressure. This is thought to arise from the fact that less motion is accommodated by elastic deformation of the contact at the lower pressures. It can be seen that similar rates exist at contact pressures of 0.6 and 1.0 GPa despite the different slip mechanisms being present at the interface ( Figure 6 ). This suggests that different pathways to degradation exist at the interface also dependent on contact pressure.
Results
Fretting regimes
Mass loss results
A comparison between mass losses under free corrosion conditions (E corr ) and with the application of CP is shown in Figure 7 . It can be seen in all cases, apart from 10 and 50 mm displacements at 1 GPa, that a reduction in mass loss can be observed when corrosion is removed from the degradation processes. Figure 8 demonstrates the E corr as a function of time and associated VSI images for illustration. E corr curves at d d = 10, 30 and 50 mm are only shown for clarity. In the case for passive alloys (i.e. those owing their corrosion resistance to the formation of an oxide film), a decrease in E corr upon the onset of friction is an indication of the synergistic interactions present between wear and corrosion. It can be seen that the shift and magnitude of the E corr in the cathodic direction (at t = 500 s) is predominantly governed by the slip mechanism and magnitude of d s. It is hypothesised that the decrease in E corr is brought about by changing the ratio of anodic:cathodic areas resulting in a depolarisation of the anodic reaction in the cathodic direction and the establishment of a galvanic couple between active and passive areas on the metal. 
Electrochemical response
Relative contributions to mass loss
Utilising intermittent LPR measurements, the total mass loss due to electrochemical chemical reactions (M corr + M wc ) can be estimated. Figure 9 demonstrates the relative proportions of total mass loss attributed to M chem (M corr + M wc ) and M mech (M wear + M cw ) (assuming the density of the material = 8.5 g cm
21
). For P max = 0.4 GPa, it can be seen that as displacement increases, the mechanism of degradation also changes. At P max = 0.4 GPa, d d = 10 mm, mass losses due to electrochemical processes was seen to account for 27% 6 17% of the total mass loss. This proportion was seen to decrease with increasing d d . At P max = 0.4 GPa, d d = 50 mm, mass losses due to electrochemical reactions were seen to account for 11% 6 9% of the total mass loss which indicated that the mechanism of material loss had become dominated by mechanical processes.
It is particularly interesting to note that when P max = 0.6 GPa, the mass loss increased with increasing displacement amplitude, while the relative contributions to mass loss remained similar. In all cases, the mass loss due to electrochemical reactions accounted for 35%-45% of the total material loss. When P max = 1 GPa, similar comparable mass losses were observed when P max = 0.6 GPa. However, material loss was predominantly due to corrosion. When P max = 1 GPa, d d = 10 mm, corrosion was seen to account for 92% of all material loss. It was observed that as d d increased, the mass losses due to mechanical actions increased. When P max = 1 GPa, d d = 50 mm, electrochemical dissolution was seen to account for 65% of all material lost. These increases in mechanical losses (M mech ) are thought to become more dominant as the fretting regime makes a transition from partial to mixed to gross-slip fretting mechanisms.
Discussion
In this article, the effects of tribological parameters on the fretting corrosion behaviour of CoCrMo-CoCrMo fretting couples have been examined. The aim of this article was to evaluate the synergistic interactions between wear and corrosion and to understand how these vary with the contact conditions (i.e. load and nature of slip). The results have shown that the mechanism of slip and the load applied to the interface significantly affect the so-called 'pathways to degradation'; that is, if the system is wear, corrosion or wearcorrosion dominated. Mass losses due to corrosion become dominant as the magnitude of d s /d d and contact pressure decrease and increase, respectively. Using the formulation determined by Stack and Chi, 37 the relationship between M chem and M wear provides a criterion for the dominant degradation regime present in a tribocorrosion system. The different degradation mechanisms are detailed in Table 3 . Figure 10 demonstrates the variation in degradation mechanism as a function of d s /d d , as given by Fouvry et al., 19 and initial contact pressure. It can be seen that the degradation mechanism transitions from a corrosion-dominated degradation mechanism at high contact pressures and a partial-slip regime to a wear-corrosion-dominated process at lower contact pressures and gross-slip conditions. This is the inverse when compared to macro sliding tests where a transition to a wear-dominated regime is seen with increasing load as reported by Mathew et al. 38 The results presented in this article further suggest that a contact condition exists where synergism can be maximised supporting other tribocorrosion studies. 38 The trends in material loss as a result of fretting regime have been well-documented. Vingsbo and So¨derberg 17 highlighted that mass loss rates decrease as normal load and displacement amplitude decrease. However, this can be counteracted by low fatigue life when in partial-slip regimes. Fouvry and Kubiak 18 further stated that the tangential amplitude, which controls the stress amplitudes and then the cracking process, strongly increases under partial slip until a transition tangential force is met and gross slip is achieved and bulk material is removed. For a fretting contact in an aqueous environment, it can be seen that the contributions to mass loss due to chemical processes increase as a function of applied load due to contact elasticity and the formation of environment conducive to accelerated corrosion (i.e. crevice corrosion) reducing the prevalence of this synergy (i.e. corrosion becoming dominant). While the overall mass losses are smaller, correlating with already published literature, electrochemical losses are seen to increase suggesting that material lost as particulates has decreased, while ionic material losses increase at 1 GPa when compared to 0.6 GPa. This is particularly relevant in the biomedical area where metal ion-related biological responses have been reported.
Using the method outlined in Table 3 only goes part of the way to identify the key contributor to mass loss. From equation (1), it can be seen that M mech includes a component of corrosive damage (M cw ) making it difficult to fully identify and define mass loss contributions. Further breaking the system down into its components, it can be seen that M cw accounts for a significant proportion of mass loss which otherwise would be lumped into the M mech term. Splitting into each component, pure wear accounted for '50%, M cw '30%-35% and M wc '15%-20% of material loss at 0.4 GPa (Figure 11(a) ). The contributions of each synergy were seen to vary as the contact pressure increased and tribological conditions varied at the interface. A decrease and increase in the mechanical and corrosion contributions, respectively, become evident as contact pressure increases to 0.6 GPa ( Figure  11 (b)) with M cw becoming dominant at higher displacements. Pure wear components reduced when compared 0.4 GPa due to the decrease in sliding at the interface due to elastic compliance of the contact (as discussed above). This may be due to increase in roughness of the surface due to the increased contribution of M wc further demonstrating the importance of decoupling the degradation modes. At P max = 1 GPa (Figure 11(c) ), pure wear was seen to account for 15% at d d = 10 mm to 40% at d d = 50 mm of the total mass loss. Wearenhanced corrosion was seen to remain similar for each displacement accounting for 35%-40% of the total mass loss. Interestingly, a negative or antagonistic synergy was observed only in the cases at 1 GPa, accounting for 250% to 220% depending upon the displacement applied. This was seen to decrease (i.e. less antagonistic) with increasing displacement.
As the contact transitions into a gross-slip regime, interesting variations in the M wear , M wc and M cw could be observed (Figure 12 rapid increases in wear will be expected with increasing sliding distance. The antagonistic effect of M cw diminishes, and a transition to positive synergy can be observed with decreasing contact pressure and increased sliding at the interface (Figure 12(c) ). It is commonly hypothesised that this negative synergy is a result of the formation of a protective film at the contact due to electrochemical reactions. 39 While in this study, no attempt was made to quantify the chemical compositions, negative synergy could be achieved a number of ways in a fretting corrosion contact. These can be the formation of corrosion product within the contact (i.e. compacted oxides) 40 both reducing corrosion and the progression of wear through mechanical alterations to the surface/subsurface or electrochemically affected fatigue due to increase reduction in H at the near interface affecting local mechanical properties. The links between the fatigue life and slip mechanisms have been demonstrated by Vingsbo and So¨derberg. 17 Materials have been shown to be susceptible to fatigue-like behaviour under stick conditions. While fatigue is generally consisted a time-dependent phenomena, under these circumstances, H + is being reduced at a higher rate due to the imposed over-potential. It could therefore be expected that H + may ingress into the uppermost of the surfaces, modifying the local mechanical properties of the material. At a time scale sufficiently short enough to resist subsurface crack formation and propagation, localised changes in the local mechanical properties may be beneficial in reducing overall mass loss due to increase in hardness, however, will be subject to further investigation.
Summary
Recently, a number of studies have presented correlations between tribological contact parameters and fretting corrosion characteristics of materials typically used in biomedical applications. This article goes further to quantify the individual contributors to mass loss using well-established concepts. The influence of slip regime on the wear rate was first presented by Vingsbo and So¨derberg. 17 They demonstrated that as the contact pressure and displacement increased, a decrease and increase in the fretting wear rate could be observed, respectively. This is similar to the findings presented in this study with results following a similar response. Findings presented in this article also complement those of Baxmann et al. 16 who presented findings for Ti alloy tribo-couples. They demonstrated that a correlation exists between the electrochemical and mechanical factors demonstrating the magnitude of E corr drop was related to the sliding amplitude and applied load. This study complements the study of Baxmann by further demonstrating that although wear of the surfaces can be reduced by achieving low displacements and high contact pressures, the magnitude of corrosion can be increased for CoCrMo tribo-couples; this finding is particularly important in the context of medical devices which were metal ions and can elicit soft tissue responses. Baxmann concluded that by achieving relatively low micro-motions and sufficiently high contact pressures, fretting corrosion will be minimised. While the use of high contact pressures and low displacements may reduce the synergy between wear and corrosion, long-term implications such as corrosion-assisted fatigue and hydrogen embrittlement may be promoted. 41 In the biological environment, the co-existence of wear and corrosion in mated and loaded contacts is inevitable and unavoidable. It is therefore important to understand the degradation between the tribocorrosion mechanisms in order to effectively engineer the interfaces to provide optimal performance. This study has demonstrated that corrosion becomes dominant at high contact pressure and low displacements due to the elastic compliance within the contact resulting in limited slip at the interface. This reduces the synergy between wear and corrosion by reducing the volume of oxide abraded, however, may leave the interfaces susceptible to fatigue as time progresses. As the contact pressure decreases, it can be seen that wear becomes dominant, although corrosion is never truly eliminated. It can be appreciated that very different engineering solutions will be needed to address these different contact scenarios. Future work in this area will be focussed on understanding the mechanisms of degradation in mixed metal pairs and the evaluation of surface engineering processes for reduced wear and corrosion.
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